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Abstract 
The present study aims at evaluation of mechanical, tribological, and high temperature oxidation 
resistance (at 1000 °C under isothermal condition) properties of YSZ and Al2O3 thin films 
deposited by pulsed laser deposition technique. The mechanical and tribological properties of the 
YSZ and Al2O3 thin films showed significant improvement with increasing the deposition 
temperature during pulsed laser deposition process. However, the deposition temperature has no 
significant effect in reducing the TGO growth rate of the pulsed laser deposited YSZ and Al2O3 
thin films as compared to that of conventional plasma sprayed thermal barrier coating.  
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1.  Introduction 
Yttria stabilized zirconia (YSZ) and aluminum oxide (Al2O3) are commonly used materials in 
aviation and power generation industries for heat, wear, and corrosion resistant applications due 
to its high melting point, low thermal conductivity, high hardness, chemical inertness, and 
thermo-mechanical compatibility with the underlying substrate [1- 3].  Oxidation of bond coat is 
the most detrimental phenomena responsible for failure of thermal barrier coated component as 
the formation and growth of thermally grown oxide (TGO) layer induces stress in the vicinity of 
TGO-top coat interface which increases with time and temperature of exposure [4, 5]. The 
oxidation of bond coat occurs by the diffusion of oxygen through the ceramic top coat followed 
by reaction with the elements present in the bond coat alloy. The diffusion of oxygen through the 
ceramic top coat proceeds by two mechanisms; (i) diffusion through the lattice by the movement 
of oxygen vacancies and (ii) gaseous movement through the interconnected pores and cracks 
present in the ceramic top coat [6]. The growth of TGO is mainly affected by the activity of 
oxygen at the bond coat and top coat interface. In the past, several investigations have been 
carried out to improve the oxidation resistance of TBC by designing the ceramic top coat [7-11]. 
Proving a functionally graded interlayer and dense top coat has been found to reduce the TGO 
growth rate significantly [7-11]. Deposition of materials with lower oxygen diffusivity has been 
beneficial in reducing the TGO growth rate and increasing the cyclic life of TBC [12-16]. Plasma 
sprayed Al2O3/YSZ functionally graded TBC with an alumina interlayer showed an improved 
oxidation resistance as compared to conventional duplex TBC [17]. However, failure in 
Al2O3/YSZ functionally graded TBC was observed due to development of significant residual 
stress as a result of presence of thick Al2O3 layer combined with phase transformation from γ-
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Al2O3 to α-Al2O3. Hence, deposition of a thin Al2O3 interlayer has been proposed instead of thick 
layer as thicker coating was found to induce more tensile residual stress in the coating.  
Pulsed laser deposition (PLD) technique has been used as a preferred deposition 
technique for the development of Al2O3 and YSZ based thin films as compared to other physical 
vapor deposition technique due to the formation of near stoichiometric oxide [18-27]. ThePLD 
technique involves irradiation of single or multiple targets by a focused pulsed-laser beam which 
results in melting, evaporation and ionization of species and formation of high density plasma 
plume made up of ablation species [18, 19]. However, the technique has not been extensive 
applied for the development and performance evaluation of oxide based thermal barrier coating.  
In the present study, a detailed evaluation of the mechanical, tribiologocal, and high 
temperature oxidation resistance (at 1000 °C under isothermal condition) properties of YSZ and 
Al2O3 based thin film deposited by pulsed laser deposition technique has been undertaken. The 
detailed investigation includes understanding the effect of substrate temperature on the 
microstructures and properties of YSZ and Al2O3 thin films. A detailed structure property 
correlation will be made to understand the role of microstructure on the properties of the thin 
film developed by pulsed laser deposition. Finally, the effect of thin film deposition on the high 
temperature oxidation behavior (under isothermal mode at 1000 °C) of plasma spray deposited 
YSZ based thermal barrier coating has been studied. 
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2. Experimental 
2.1. Materials 
7 wt% yittria stabilized zirconia (YSZ) powder (Amperit 831.007, 99.5% purity) and alumina 
(Al2O3) powder (Amperit 740.1, 99.95% purity) were chosen as starting materials for fabricating 
YSZ and Al2O3 pellets, respectively. The YSZ and Al2O3 precursor powders were cold pressed 
with an applied pressure of 10 ton followed by sintering in air at 1600 °C for 6 hours to fabricate 
pellets with diameter 25 mm. Different types of substrates were chosen for the deposition of thin 
films of YSZ and Al2O3. Silicon wafer was used to deposit thin films for structural 
characterizations and nanoindentation test. For the evaluation of tribological behavior of the thin 
films, deposition of YSZ and Al2O3 films were carried out on predeposited CoNiCrAlY bond 
coat on Inconel 718 superalloy (dimension: 10 mm × 10 mm × 5 mm). The CoNiCrAlY bond 
coat with thickness 80 m was deposited using high velocity oxy-fuel (HVOF) spray with 
process parameters reported elsewhere [10]. For the evaluation of high temperature oxidation, a 
conventional YSZ based duplex thermal barrier coating was chosen as substrate for deposition of 
thin films where YSZ top coat with thickness 300 m was deposited by air plasma spraying on 
the surface of CoNiCrAlY bond coat with process parameters reported elsewhere [10]. Prior to 
pulsed laser deposition process, all the substrates were polished up to 0.05 m surface finish 
followed by ultrasonically cleaned in soap solution followed by cleaning in acetone and ethyl 
alcohol.  
2.2. Pulsed laser deposition 
Fig. 1 shows the schematic representation of pulsed laser deposition process. Pulsed laser 
deposition of YSZ, Al2O3, and Al2O3/YSZ multilayered thin films were carried our using KrF 
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excimer laser system (Lambda Physik COMPEX, wavelength of 248 nm and pulsed duration of 
25 ns). The cleaned substrates were mounted on a substrate holder inside the deposition chamber 
and placed parallel to the target which was mounted in a target holder at a perpendicular distance 
of 45 mm. The targets were continuously rotated to ensure uniform ablation and avoid pitting. 
The laser source was operated at a pulse repetition rate of 10 Hz and at an energy level of 300 
mJ. For the deposition of monolithic film (only YSZ or Al2O3), 30000 laser shots were used. For 
the deposition of Al2O3/YSZ multilayer film, Al2O3 was deposited first followed by YSZ. 
Alternative sequence of Al2O3 and YSZ (total 6 layers) was used for the deposition of 
multilayered thin film. For each layer, 5,000 laser shots were used so as to make a total of 30,000 
laser shots equivalent to that of single layer deposition. The total time for deposition was 50 
minutes. Films were deposited at substrate temperatures of 300 K, 573 K, 773 K, and 973 K. The 
deposition chamber was initially evacuated to 2.0× 10−5 mbar and subsequently, filled with 
oxygen gas to a background pressure of 2×10−2 mbar.  
 
 
Fig. 1.  Schematic representation of pulsed laser deposition process. 
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2.3. Characterization of thin films 
Followed by pulsed laser deposition, a detailed observation of the microstructure of the as-
deposited films was undertaken by field emission scanning electron microscopy (SUPRA 40, 
Zeiss SMT AG,Germany). A detailed analysis of the phase evolution was carried out by grazing 
incidence X-ray diffraction (GIXRD) technique (Bruker D8 Discover, Germany) with a grazing 
angle of 2° at a scanning speed of 0.05°/s.  Cu Kα radiation with wavelength 0.15418 nm was 
used as the X-ray source. The X-ray source was operated at an accelerating voltage of 40 kV and 
current of 40 mA. The diffraction angle was varied in the range of 20° – 80° with a scanning 
speed of 0.05°/s.The surface morphology and roughness of the deposited thin films were 
analyzed by atomic force microscopy (Agilent 5500 AFM, USA). The samples were scanned 
over an area of 5 μm × 5 μm with a 90 μm scanner at a scan rate of 1.5 line/s. The images were 
then exported to the Pico Image Basic 6.2 software for further analysis. 
 Residual stress developed on the surface of the coatings was measured by X-ray 
diffraction technique (sin2Ψ technique) using a Bragg Brentano Diffractometer (Bruker D8 
Discover, Germany). The X-ray source was operated at an accelerating voltage of 40 kV and 
current of 40 mA. The measurements of macrostresses in coatings were performed using Cu Kα 
radiation with a step size of 0.05° and time per step of 5 s. In this method, θ/2θ scans 
corresponding to a particular reflection or (hkl) were conducted at various tilt angles ψ (0, 15, 23, 
45, 60) where ψ is the angle between the sample normal and the diffraction vector. For the 
calculation of residual stress, the (103) plane at 2θ ≈ 59° of tetragonal zirconia phase was 
considered.  For the calculation of residual stress, the (103) peak of tetragonal zirconia 
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phase was considered. The crystallite size and peak broadening analysis were performed 
using Scherrer’s equation (for micro-stress) [28]. 
The biaxial residual stress was then calculated using Eq. (2.1). 
 


2
222111
0
0
sin
2
1
)( hklhkl SS
d
dd

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                               (2.1) 
where dφψ is the interplanar spacing at a particular φ and ψ angle combination, d0 is the strain free 
interplanar spacing, hklS1 and 
hklS2 are the X-ray elastic constants, σφ is the stress at φ direction and 
σ11 and σ22 are the principal stresses. 
 The hardness and Young’s modulus of the deposited films were evaluated by 
nanoindentation test with a loading rate of 50 N/s up to a maximum load of 2000 N (YSZ) and 
500 N (Al2O3) followed by holding at maximum load for 10 seconds and then unloading at a 
rate of 50 N/s. The Oliver and Pharr method was used to measure the hardness and Young’s 
modulus of the deposited films [29]. The nanotribological properties of the pulsed laser 
deposited YSZ and Al2O3 films were evaluated by Hysitron-TI950 Triboindentor with a 
Berkovich tip (tip radius < 150 nm) combined with a SPM. Nanoscratch test was used to 
measure the coefficient of friction of the deposited films by scratching the film surface with a 
constant force of 1 mN and 2 mN for Al2O3 and 4 mN and 5 mN for YSZ. A scratch velocity of 
0.33 m/s was applied across a scratch length of 10 m. The coefficient of friction of the films 
was measured by the ratio between the lateral force on the tip and the applied normal force. 
Adhesion strength of the films was measured by nanoscratch test under progressive loading from 
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0 mN to 350 mN at a loading rate of 11.7 mN/s and a scratch speed of 50 m/s covering a total 
scratch distance of 1000 m (Al2O3) and 3000 m (YSZ). 
 High temperature oxidation tests were conducted on conventional YSZ duplex TBC and 
pulsed laser deposited YSZ and Al2O3 thin films on plasma sprayed YSZ coating by holding the 
coated surface isothermally in static air at 1000 °C and subsequently, measuring the thickness of 
thermally grown oxide (TGO) layer at an interval of 24 hours up to a maximum of 96 hours. 
Thirty measurements were averaged out to calculate the TGO thickness. Followed by isothermal 
oxidation, a detailed observation of the microstructure and composition of the oxide scale was 
undertaken by scanning electron microscopy (SUPRA 40, Zeiss SMT AG, Germany) equipped 
with energy dispersive X-ray spectroscopy (EDS). 
3. Results and Discussion 
3.1. Characterization of the coating 
Table 1 summarizes the characteristics of the YSZ, Al2O3, and Al2O3/YSZ multilayered thin 
films in terms of thickness, surface roughness (RMS value), microstructures and phase 
constituents, crystallite size, lattice strain and residual stress developed by pulsed laser 
deposition as a function of temperature of substrate. The thickness of the deposited films shows 
no specific trend with substrate temperature. The RMS roughness of YSZ thin film at 300 K, 573 
K, 773 K, and 973 K are 12.9, 9.66 nm, 4.79 nm, and 4.28 nm, respectively. The maximum 
heights of the features present in the YSZ film deposited at 300 K, 573 K, 773 K, and 973 K are 
220 nm, 90 nm, 45 nm, and 27 nm, respectively. The RMS roughness decreases with increase in 
substrate temperature (cf. Table 1) which is attributed to the decrease in particles height on the 
surface of YSZ film with increase in substrate temperature, Ts. The RMS roughness of Al2O3 
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films deposited at different substrate temperature is summarized in Table 1. The RMS roughness 
at 300 K, 573 K, 773 K, and 973 K are 7.31 nm, 3.3 nm, 2 nm, and 0.91 nm, respectively. The 
RMS roughness decreases with increase in substrate temperature (as shown in Table 1) which is 
attributed to the decrease in particles height on the surface of Al2O3 film with increase in 
substrate temperature, Ts. The maximum heights of the features present in the Al2O3 film 
deposited at 573 K, 773 K, and 973 K are 26 nm, 15 nm, and 13 nm, respectively. 
Table 1  
Summary of characteristics of the thin films deposited by PLD in the present study 
Parameters YSZ Al2O3 Al2O3/YSZ 
Multilayer 
 300 K 573 K 773 K 973 K         300 K 573 K 773 K 973 K         300 K 
Thickness, 
nm 
2000 ± 60 141 ± 10 643 ± 90 1400 ± 
20 
391 ± 15 132 ± 10 157 ± 10 2336± 70 320 ± 10 
Phases and 
its 
percentage 
Amorphous t-ZrO2 
(~100%) 
t-ZrO2 
(~100%) 
t-ZrO2 
(~100%) 
Amorphous Amorphous Amorphous Amorphous Amorphous 
Crystallite 
size, nm 
- 13 13 15 - - - - - 
Lattice 
strain, % 
- 0.77 0.75 0.69 - - - - - 
Residual 
stress, GPa 
- –8.1 (σ11) 
and –6.4 
(σ22) 
–7.5 (σ11) 
and –5.5 
(σ22) 
–3.0 (σ11) 
and –1.7 
(σ22) 
- - - - - 
Roughness, 
nm 
12.9 9.66 4.79 4.28 7.31 3.3 2 0.91 8.08 
 
   A detailed phase analysis shows that YSZ thin film deposited at room temperature is 
amorphous in nature. However, amorphous to crystalline structure transition occurs with 
increase in substrate temperature. At higher substrate temperature (≥ 573 K), single phase 
tetragonal zirconia (t-ZrO2) phase is observed. On the other hand, the phase analysis of 
Al2O3 thin film shows amorphous nature of the film both at all the studied temperatures. 
The summary of variation of crystallite size, lattice strain, residual stress, and roughness of 
the thin films with substrate temperature is shown in Table 1. The average crystallite size in 
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YSZ thin film deposited at Ts = 573 K and 773 K shows similar value (13 nm). However, there is 
a marginal increase in crystallite size (15 nm) in the YSZ film deposited at Ts = 973 K. From 
Table 1, it may be noted that the lattice strain in YSZ films varies from 0.69% to 0.77%. The 
marginal decrease in lattice strain at higher substrate temperature may be attributed to stress 
relaxation due to higher mobility of adatoms due to increase in supply of thermal energy at 
higher substrate temperature [30]. The residual stress developed in YSZ thin films was measured 
by X-ray diffraction technique which is summarized in Table 1. From Table 1, it is evident that 
the residual stress in the deposited films decreases with increase in substrate temperature. The 
residual stress is predominantly compressive which is independent of substrate temperature. At 
Ts = 573 K, the residual stress component σ11 is -8.1 GPa which reduces to -3.0 GPa with 
increase in temperature (at Ts = 973 K). Similarly, the residual stress component σ22 is -6.4 GPa 
and at Ts = 573 K, which decreases to -1.7 GPa at 773 K. The higher residual compressive stress 
at low substrate temperature is attributed to the impingement of highly energetic species present 
in the plasma plume on to the substrate or on to the growing films and also due to thermal 
accommodation mismatch associated with the deposition at low temperature. The reduction in 
residual stress with increase in substrate temperature is attributed to the better surface diffusion 
of adatoms and gradual release of stress with increase in temperature [31, 32].     
 Fig. 2 shows the scanning electron micrographs of the top surface of as-deposited YSZ 
thin films at substrate temperature of (a) 300 K and (b) 973 K and as-deposited Al2O3 thin films 
at substrate temperature of (c) 300 K and (d) 973 K. Fig. 2 (a) reveals presence of a large number 
of particles or droplets on the surface of deposited YSZ films at 300 K. However, films deposited 
at 973 K shows a significantly reduced particle formation. From Fig. 2 (c), it is evident that 
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Al2O3 film deposited at 300 K contains particles or droplets, porosities and fine microcracks. On 
the other hand, thin film deposited at 973 K shows presence of lesser particles or droplets, 
porosities and microcracks (as shown by arrowheads). The formations of particles are commonly 
observed due to laser induced splashing of molten materials from the target and subsequent 
deposition along with the deposited film developed by ablation on the surface of substrate. The 
density of the molten particles and its dimension shows no specific trend with substrate 
temperature.  
  
  
Fig. 2. Scanning electron micrographs of top surface of as-deposited YSZ thin films at (a) 
300 K and (b) 973 K and as-deposited Al2O3 thin films (c) 300 K and (d) 973 K.  
 
3.2. Nanomechanical properties 
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The nanomechanical properties of the YSZ and Al2O3 based thin films grown under different 
substrate temperature Ts were measured by nanoindentation technique. Fig. 3 shows the load-
displacement curves of YSZ thin films grown under different substrate temperature, Ts. The 
variation of Young’s modulus and hardness of YSZ thin films with different substrate 
temperatures is presented in Fig. 4. From Fig. 4, it may be noted that the Young’s modulus of the 
YSZ thin films increases from 257 GPa at 300 K to 279 GPa at 973 K. However, an anomalous 
behavior in Young’s modulus value of YSZ thin film is observed at 573 K. The increase in 
Young’s modulus of the YSZ thin film with increase in deposition temperature is believed to be 
due to densification of microstructure (cf. Fig. 2). The reduced modulus (Er) data reported for the 
YSZ thin film deposited at 300 K and 873 K were 257 GPa (Es = 271 GPa) and 278 GPa (Es = 
344 GPa), respectively [23]. The Young’s modulus value of plasma sprayed YSZ TBC in as-
received condition was reported to be 155 GPa (at 8 mN load) [33]. The large difference in the 
Young’s modulus of YSZ coating deposited by PLD method and APS method is due to the 
presence of significant amount microstructural defects (porosities and microcracks) in plasma 
sprayed YSZ TBC. The hardness value obtained at 300 K is found to be 13.7 GPa. The 
maximum value of hardness is found to be 23 GPa at 773 K. But exception in the trend occurred 
when the substrate temperature is raised to 973 K where, the hardness value decreases sharply to 
16 GPa. The reported values of hardness for the amorphous and crystalline YSZ thin film 
deposited by PLD were 11.9 GPa and 16 GPa, respectively which are in good agreement with the 
results obtained in the present study [23]. Hardness of as-received YSZ TBC deposited by APS 
method was reported to be 9.9 GPa which is relatively small as compared to YSZ coating 
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deposited by PLD method [33]. The observed difference is due to the presence of microcracks 
and porosities in plasma sprayed YSZ coating. 
 
Fig. 3. Load versus displacement curve of as-deposited YSZ thin films at 300 K (plot 1), 573 
K (plot 2), 773 K (plot 3, and 973 K (plot 4). 
 
 
Fig. 4. Variation of Young’s modulus and hardness in YSZ thin films with substrate 
temperature. 
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 Fig. 5 shows the load-displacement curves for Al2O3 thin films grown under different 
substrate temperature (Ts). Fig. 6 shows the variation of Young’s modulus and hardness in Al2O3 
thin films with different substrate temperatures. From Fig. 6, it may be observed that the 
Young’s modulus of the Al2O3 thin films increases from 94 GPa to 281 GPa with increase in 
substrate temperature (Ts) from 300 K to 973 K. Similarly, the hardness of deposited Al2O3 thin 
films increases from 3.3 GPa to 21.4 GPa. The increase in the Young’s modulus and hardness of 
Al2O3 thin films with increase in substrate temperature is attributed to the densification of film 
with increase in substrate temperature. The hardness and Young’s modulus of as-deposited 
amorphous Al2O3 thin film deposited by RF sputtering was reported to be 6 GPa and 116 GPa, 
respectively which are closely matching with the results obtained in the present study [34]. 
However, the reported hardness values of Al2O3 thin film (deposited by pulsed laser deposition) 
were 21 GPa and 25 GPa at 300 K and 973 K, respectively [26]. Similarly, the reported Young’s 
modulus values of Al2O3 thin film (deposited by pulsed laser deposition) were 320 GPa and 360 
GPa, when deposited by pulsed laser deposition at 300 K and 973 K, respectively [26].  
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Fig. 5. Load versus displacement curve of as-deposited Al2O3 thin films at 300 K (plot 1), 
573 K (plot 2), 773 K (plot 3), and 973 K (plot 4). 
 
 
 
Fig. 6. Variation of Young’s modulus and hardness in Al2O3 thin films with substrate 
temperature. 
3.3. Coefficient of friction 
Nanoscratch tests were performed on YSZ thin films grown at Ts = 300 K and 973 K under two 
different loads of 4 mN and 5 mN, respectively. The coefficient of friction (COF) was calculated 
by the ratio between the lateral force and normal force on the indenter. Fig. 7 shows the variation 
of COF with scratch length in YSZ thin films grown at 300 K (plot 1) and 973 K (plot 2) under 
the applied normal load of (a) 4 mN and (b) 5 mN. From Fig. 7, it is observed that the COF of 
YSZ thin films grown at room temperature shows a higher value as compared to that of the same 
grown at 973 K. It is also evident that the COF value of the YSZ thin film shows an abrupt 
change in friction value during scratch test, which may be attributed to sudden change in the 
lateral force value when the tip encounters with the microcracks and/or porosities present in the 
deposited YSZ thin films. Average COF of YSZ thin films under different applied loads and 
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temperature are shown in Table 2. From Table 2, it is evident that the average COF, at 4 mN 
applied load, shows a value of 0.406 and 0.344 for the films deposited at 300 K and 973 K, 
respectively. Similarly, the average COF, at 5 mN applied load, shows a value of 0.403 and 
0.328 for the films deposited at 300 K and 973 K, respectively. Hence, it may be concluded that 
the COF value decreases with increase in substrate temperature. The decrease in coefficient of 
friction value with increase in substrate temperature is attributed to the decrease in surface 
roughness with increase in substrate temperature.      
  
Fig. 7. Variation of coefficient of friction (COF) with scratch length in YSZ thin films 
grown at 300 K (plot1) and 973 K (plot 2) under applied load of (a) 4 mN and (b) 5 
mN. 
 
Table 2 
Average COF in YSZ thin films deposited by pulsed laser deposition grown at 300 K and 
973 K.  
 
4 mN 5 mN 
300 K 973 K 300 K 973 K 
0.406 0.344 0.403 0.328 
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 Fig. 8 shows the variation of COF with scratch length in Al2O3 thin films grown at 300 K 
(plot 1) and 973 K (plot 2) under the applied normal load of (a) 1 mN and (b) 2 mN. From Fig. 8 
(a, b), it is observed that the COF of Al2O3 thin films grown at room temperature shows a higher 
value as compared to that of the same grown at 973 K. It is also evident that COF curves of 
Al2O3 thin films shows sharp fluctuations during scratch test which may be attributed to sudden 
change in the lateral force value when the tip encounters with the microcracks and/or porosities 
present in the Al2O3 thin films. Average COF values of Al2O3 thin films under different applied 
loads and temperature are shown in Table 3. From Table 3, it is evident that the average COF 
under 1 mN applied load shows a COF value of 0.406 and 0.344 for the films deposited at 300 K 
and 973 K, respectively. Similarly, the average COF under 2 mN applied load shows a value of 
0.403 and 0.328 for the films deposited at 300 K and 973 K, respectively. Hence, it can be 
concluded that the COF value decreases with increase in substrate temperature for Al2O3 thin 
films due to decrease in surface roughness with increase in substrate temperature. The increase in 
hardness at higher deposition temperature is another reason for decreasing COF value as higher 
hardness leads to formation of lesser debris.  
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Fig. 8. Variation of coefficient of friction (COF) with time in Al2O3 thin films grown under 
300 K (plot 1) and 973 K (plot 2) under the applied normal load of (a) 1 mN and (b) 
2 mN. 
 
Table 3 
Average COF in Al2O3 thin films deposited by pulsed laser deposition grown at 300 K and 
973 K.  
 
1mN 2 mN 
300 K 973 K 300 K 973 K 
0.337 0.204 0.332 0.251 
 
 
3.4. Adhesion strength 
Nanoscratch tests were carried out to measure the adhesion strength under scratching [35]. 
During the scratching, shear stress is progressively developed at the substrate-film interface. 
When the developed shear stress reaches its critical value (i.e. higher than interfacial adhesion 
strength), the film starts to delaminate. The delaminated films come under the scratch tip during 
scratching which results in the stress development and release which leads to the fluctuation in 
the curves. The adhesion strength of the thin film can be measured as the load at which there is a 
fluctuation in the applied normal load versus scratch length curve during scratching under ramp 
mode. Fig. 9 shows the variation of applied normal force (curve 1) and lateral force (curve 2) 
with the scratch length in YSZ thin films grown at (a) 300 K and (b) 973 K. The critical applied 
normal load in which film spallation occurs is represented as Lc. From Fig. 9 (a), it may be noted 
that the critical applied normal load (Lc) at which the film delamination occurs is 141 mN for 
YSZ film developed at 300 K. The lateral force curve, as shown in Fig. 9 (a), shows localized 
fluctuations, initially, up to certain scratch distance, beyond which it changes to a continuous 
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fluctuation. On the other hand, the critical load (Lc) at which the YSZ film deposited at 973 K 
started rupturing is 278 mN as shown in Fig. 9 (b). The initial localized sharp increase of lateral 
force, in the curve is attributed to (1) interaction of scratch tip with the particles present on the 
surface of YSZ thin films which results in generation of a high lateral force due to the hindrance 
faced by the indenter during scratching and (2) localized deformation of the YSZ film (as shown 
by arrowheads in Fig. 9 (b)) resulting due to poor adhesion of the film with the substrate because 
of the presence of underlying defects. Beyond the critical load, the lateral force shows periodical 
fluctuations which is attributed to the interaction of scratch tip with the delaminated YSZ films 
during which stress development and release occurs. Comparison of Fig. 9 (a) with Fig. 9 (b), it 
may be inferred that the critical load (Lc) for delamination or in other words, the adhesion 
strength of the YSZ film deposited at higher substrate temperature (i.e. Ts = 973 K) is higher than 
that of the same deposited at room temperature (i.e. Ts = 300 K). The improvement in adhesion 
strength of the YSZ film deposited at 973 K as compared to the film deposited at 300 K is 
attributed to the increase in the bonding between the film and the substrate due to interdiffusion 
of atoms from YSZ and CoNiCrAlY at higher substrate temperature [36, 37]. The improvement 
in the adhesion strength of YSZ thin film deposited at 973 K may also be attributed to the 
reduction in thermal stress due to development of Al2O3 thermal grown oxide (TGO) layer at the 
interface of bond coat and YSZ film as the difference in thermal expansion coefficient between 
YSZ and Al2O3 is small as compared to the difference in thermal expansion coefficient between 
YSZ and CoNiCrAlY metallic bond coat. A close comparison between Fig. 9 (a) and Fig. 9 (b) 
also shows that there is less fluctuation of the lateral force during scratch testing on the coating 
deposited at a substrate temperature of 973 K as compared to the film deposited at 300 K which 
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can be corroborated with the top surface microstructure of the YSZ thin film deposited at 300 K 
and 973 K which suggests that density of particle formation decreases with increase in substrate 
temperature.     
  
Fig. 9. Variation of applied normal force (plot 1) and lateral force (plot 2) with scratch 
length in YSZ thin films grown at (a) 300 K and (b) 973 K.  
 
 Fig. 10 shows the scanning electron micrographs of nanoscratch track of YSZ thin film 
grown at (a) 300 K and (b) 973 K. From Fig. 10 (a), it can be seen that the YSZ film grown at 
300 K is delaminated after attaining the critical load for complete spallation of film. A wedge 
type spallation is observed in YSZ film grown at 300 K. Localized plastic deformations are 
observed during nanoscratch in the film before the critical load for complete spallation of the 
film as shown by arrowheads in Fig. 10 (b). A wedge type spallation is also observed for YSZ 
film grown at 973 K. Comparison of Fig. 10 (a) with Fig. 10 (b)reveals that the failure of YSZ 
film grown at 300 K started at a earlier stage as compared to the YSZ film grown at 973 K. In 
addition, the width of the spalled region of YSZ film grown at 300 K is found to be larger as 
compared to the YSZ film grown at 973 K. Hence, it may be concluded that the YSZ film grown 
at 973 K shows improved adhesion as compared to YSZ film grown at 300 K.  
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Fig. 10. Scanning electron micrographs of nanoscratch track of YSZ thin films grown at  
(a) 300 K and (b) 973 K.  
  
 Fig. 11 shows the variation of applied normal force (curve 1) and lateral force (curve 2) 
with the scratch length in Al2O3 thin films grown at (a) 300 K and (b) 973 K, respectively. From 
Fig. 11 (a), it may be noted that the lateral force curve shows continuous fluctuation whereas, the 
normal force curve shows no evidence of fluctuation. In addition, there is no sudden change in 
normal force or lateral force values in the curve. From Fig. 11 (b), it may also be observed that 
the lateral force and normal force shows no signature of abrupt change in the curve. The 
fluctuations in the lateral force curve are due to presence of obstructions (particles and 
underlying defects) on the surface of the film which requires a higher lateral force to move 
further. However, a relatively less fluctuations in the lateral force curve may be observed as 
compared to the Al2O3 film deposited at 300 K which is possibly due to decrease in density of 
particles formed on the surface of Al2O3 film deposited at 973 K.  
  
Fig. 11. Variation of applied normal force (plot 1) and lateral force (plot 2) with scratch 
length in Al2O3 thin films grown at (a) 300 K and (b) 973 K. 
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 Fig. 12 shows the scanning electron micrographs of nanoscratch track of Al2O3 thin film 
grown at (a) 300 K and (b) 973 K. Fig. 12 (a) shows severe plastic deformation of the Al2O3 thin 
films deposited at 300 K in the onset of scratching which continues till the end of nanoscratch 
process. The failure of the film may be attributed to (a) development of stress due to large 
difference in coefficient of thermal expansion (CTE) between the Al2O3 film (CTE = 6.65 × 10
-6 
K-1 [38]) and CoNiCrAlY coating (CTE = 13.22 × 10-6 K-1 [38]) and (b) very low hardness of the 
Al2O3 film deposited at 300 K (cf. Fig. 3). The large fluctuations in the lateral force curve 
accounts for presence of debris on the wear track (cf. Fig. 12 (a)). On the other hand, the Al2O3 
thin film deposited at 973 K shows superior adhesion strength up to the applied normal load of 
350 mN. The improved adhesion strength of the Al2O3 thin film deposited at 973 K may be 
attributed to the improvement in chemical bonding between the substrate and Al2O3 thin film due 
to interdiffusion of atoms from Al2O3 and CoNiCrAlY [36, 37]. Formation of Al2O3 scale due to 
oxidation of aluminum present in CoNiCrAlY coating is thought to be another possible reason in 
improving the adhesion strength of the film as the difference in thermal expansion coefficient 
reduces, significantly. Enhanced hardness of the Al2O3 thin films deposited at 973 K may also 
have significant contribution in improving the adhesion strength of the film.  
 
Fig. 12. Scanning electron micrographs of nanoscratch track of Al2O3 thin films grown at  
(a) 300 K and (b) 973 K.  
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 From the investigation, it is observed that the thin film deposited at higher substrate 
temperature shows significant improvement in mechanical and tribological properties. But, the 
high temperature deposition for TBC application is not advisable as thermally grown oxide layer 
may develop on the surface of CoNiCrAlY bond or at the interface between CoNiCrAlY bond 
coat and YSZ top coat due to oxidation of aluminum present in the bond coat alloy. The 
oxidation of aluminium would decrease the concentration of aluminium in the bond coat alloy 
below its critical value to maintain a stable alumina growth. The compositional change in the 
bond coat alloy will also change the TGO chemistry during high temperature exposure. Hence, a 
room temperature deposition is suggested for the thin film deposition on plasma sprayed TBC.  
 
3.5. High temperature oxidation 
 
High temperature oxidation tests were carried out for thin films deposited on plasma sprayed 
YSZ deposited at 300 K. Although thin films deposited at 973 K shows improved properties, 
films deposited at 300 K were only chosen for high temperature oxidation due to the fact that 
with higher substrate temperature the CoNiCrAlY surface is prone to develop Al2O3 scale during 
thin film deposition process which decreases the concentration of aluminum in the CoNiCrAlY 
required during high temperature exposure. Fig. 13 shows the variation of TGO thickness with 
time in conventional duplex TBC (plot 1), pulsed laser deposited YSZ thin film (plot 2), Al2O3 
thin film (plot 3), and Al2O3/YSZ multilayer thin film (plot 4) on plasma sprayed YSZ during 
isothermal oxidation at 1000 °C up to 96 hour. From Fig. 13, it can be observed that the TGO 
growth kinetics shows parabolic nature. From Fig. 13, it may be seen that during initial stage of 
oxidation the growth kinetics is faster up to 24 hour of oxidation which then slows down till 96 
hour of oxidation. The fast oxidation kinetics at initial stage may be attributed to the migration of 
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oxygen through the film and coating followed by its reaction with aluminum present in the bond 
coat alloy to form Al2O3. As soon as a stable Al2O3 forms at the interface between top coat and 
bond coat, it retards oxygen to diffuse through it and thereby, reducing the oxidation kinetics. 
From plot 1 and plot 2, it may be noted that there is no significant difference in TGO thickness in 
conventional duplex TBC and the pulsed laser deposited YSZ thin film which is attributed to the 
fact that the YSZ film is not effective in reducing the rate of oxygen diffusion due to the fact that 
YSZ is a good oxygen ion conductor. On the other hand, marginal reduction in TGO growth rate 
is observed for Al2O3 thin film (plot 3) and Al2O3/YSZ multilayer thin film (plot 4) as Al2O3 has 
the lowest oxygen diffusivity [39]. The small difference in TGO thickness of conventional 
duplex TBC (plot 1) and the pulsed laser deposited Al2O3 thin film (plot 3) and Al2O3/YSZ 
multilayer thin film (plot 4) at initial stage of oxidation may be attributed to the presence of 
inter-columnar porosities in pulsed laser deposited films at 300 K which acts as an active path for 
oxygen diffusion. However, with increase in time of isothermal exposure at 1000 °C, the films 
started to sinter as a result of grain growth as observed in Fig. 13. The closure of porosities 
reduces the rate of oxygen diffusion through the film and as a result of which a decrease in  
oxygen activity occurrs at the bond coat and top coat interface. The decrease in oxygen activity 
helps to slow down the TGO growth rate in pulsed laser deposited Al2O3 thin film and 
Al2O3/YSZ multilayer thin film. 
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Fig. 13. Variation of TGO thickness with time for conventional CoNiCrAlY/YSZ duplex 
TBC (plot 1), pulsed laser deposited YSZ thin film on plasma sprayed YSZ (plot 2), 
pulsed laser deposited Al2O3 thin film on plasma sprayed YSZ (plot 3), and pulsed 
laser deposited Al2O3/YSZ multilayer thin film on plasma sprayed YSZ (plot 4) 
after isothermal oxidation at 1000 °C for 96 hours. 
 
 Fig. 14 shows the scanning electron micrograph of top surface of pulsed laser deposited 
YSZ thin film, Al2O3 thin film, and Al2O3/YSZ multilayer thin film on plasma sprayed YSZ after 
isothermal oxidation at 1000 °C up to 96 hour. From Fig. 14 (a) the grain growth is evident. 
Equiaxed grains of size ranging from ~ 300 nm to 1.5 m are observed on the surface of 
oxidized pulsed laser deposited YSZ thin film. From Fig. 14 (b), it may be noted that the surface 
of pulsed laser deposited Al2O3 thin film shows dense film, however few cracks are also found 
on its surface. The presence of cracks in pulsed laser deposited Al2O3 thin film may be due to the 
underlying surface defects present on the surface of plasma sprayed YSZ coating. From Fig. 14 
(c), it can also be observed that equiaxed grains of size ranging from ~ 300 nm to 1.5 m are also 
present on the surface of oxidized pulsed laser deposited Al2O3/YSZ thin film. Few cracks are 
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also found on the surface of YSZ thin film and Al2O3/YSZ multilayer thin film as a result of 
underlying defect present on the surface of plasma sprayed YSZ coating.  
 
 
Fig. 14. Scanning electron micrographs of top surface isothermally oxidized pulsed laser 
deposited (a) YSZ, (b) Al2O3, and (c) Al2O3/YSZ multilayer films on plasma 
sprayed YSZ TBC at 1000 °C for 96 h. 
 Fig. 15 shows the scanning electron micrograph of cross-section of oxidized (a) plasma 
sprayed duplex TBC and pulsed laser deposited (b) YSZ thin film, (b) Al2O3 thin film, (c) 
Al2O3/YSZ multilayer thin film on plasma sprayed YSZ TBC at 1000 °C for 96 hour. From Fig. 
15, it can be seen that a thermally grown oxide (TGO) layer is formed at the interface between 
metallic CoNiCrAlY bond coat and ceramic YSZ top coat in a continuous manner. A TGO layer 
forms due to reaction of elements present in the CoNiCrAlY bond coat, preferentially aluminum, 
with oxygen diffused through the thin film and/or coating layer at elevated temperature. During 
oxidation, oxygen initially diffuses through the interconnected porosities and microcracks 
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present in the film and coating and by lattice diffusion and thereby oxidizing the bond coat 
forming TGO at the bond coat and top coat interface. As soon as a stable oxide layer forms on 
the surface of bond coat, the rate of oxidation reduces. From Fig. 15, it is evident that the TGO 
consisted of a dark grey oxide layer is found to be Al2O3 (with composition of 36.02-38.37 at. % 
Al and 61.62-63.98 at. % O as determined by EDS analysis). CoNiCrAlY bond coat contains ~ 8 
wt% of aluminum which upon exposure to high temperature oxidizing environment forms 
various oxides of Al2O3 on top of bond coat.  
  
Fig. 15. Scanning electron micrographs of cross-section isothermally oxidized (a) plasma 
sprayed YSZ duplex TBC and pulsed laser deposited (b) YSZ, (c) Al2O3, (d) 
Al2O3/YSZ multilayer films on plasma sprayed YSZ TBC at 1000 °C up to 96 h. 
4. Summary & Conclusions 
 
In the present study, the mechanical, tribological, and high temperature oxidation behavior of 
pulsed laser deposited yttria stabilized zirconia and alumina thin films has been studied in detail. 
From the detailed investigations, the following conclusions may be drawn: 
1. The mechanical properties (hardness and Young’ modulus) of the YSZ and Al2O3 thin 
films were found to increase with increase in substrate temperature. Young’s modulus of YSZ 
thin films was found to vary between 237 GPa and 278 GPa at the studied substrate 
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temperatures. Similarly, hardness of the YSZ thin film varies between 14 GPa and 23 GPa. On 
the other hand, the Young’s modulus of Al2O3 thin film at room temperature was found to be 94 
GPa which increased to 280 GPa at 973 K. Similarly, hardness was increased from 3 GPa at 300 
K to 23 GPa at 973 K. 
2. Tribological property of the PLD grown YSZ and Al2O3 films were improved 
significantly upon increasing the substrate temperature. COF of YSZ thin films grown at room 
temperature showed a higher value (0.406 and 0.403 at 4 mN and 5 mN, respectively) as 
compared to that of same grown at 973 K(0.344 and 0.328 at 4 mN and 5 mN, respectively). 
COF of Al2O3 grown at 300 K showed higher value (0.337 and 0.332 at 1 mN and 2 mN, 
respectively) as compared to the same grown at 973 K (0.204 and 0.251 at 1 mN and 2 mN, 
respectively).  
3. Adhesion strength measured by nanoscratch testing showed a superior bond strength of 
YSZ films deposited at 973 K (critical load for delamination (Lc): 278 mN) than film deposited 
at 300 K (critical load for delamination (Lc): 141 mN).  
4. In case of Al2O3 thin film deposited at 300 K, a severe plastic deformation was observed 
at the initial stage of scratching which continued till the end of the test. On the other hand, Al2O3 
film deposited at 973 K showed improved in adhesion strength by not showing any signature of 
delamination up to the 350 mN of applied normal load. 
5. The high temperature oxidation behavior of Al2O3 thin film and Al2O3/YSZ multilayer 
thin film on plasma sprayed YSZ at 1000 °C showed marginal improvement in oxidation 
resistance over conventional duplex TBC.  
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